To determine if major thymic neuropeptides and neurotransmitters can directly influence the functional activity of cultured rat thymic epithelium, neuropeptides and neurotransmitters were applied, and intercellular communication, proliferation, and thymulin secretion assessed. After injections of a mixture of lucifer yellow dextran (too large to pass gap junctions) and cascade blue (which does) into single cells, some neuropeptides decrease dye coupling: 0.1 mM GABA (P < 0.0001), 100 nM NPY (P < 0.0001), 100 nM VIP (P < 0.001), 100 nM CGRP (P < 0.001), 100 nM SP (P < 0.01), and 0.1 mM histamine (P < 0.01), whereas 0.1 mM 5-HT, mM acetylcholine, and /xM isoproterenol (/3-adrenergic agonist) had no effect. Proliferation (incorporation of tritiated thymidine) was increased by CGRP (P 0.004) and histamine (P < 0.02), but decreased by isoproterenol (P 0.002), 5-HT (P 0.003), and acetylcholine (P < 0.05). The percentage of multinucleate cells was decreased after isoproterenol (2.5%), and increased after 5-HT (21.3%), GABA (15%), and histamine (15.1%). Compared to controls, thymulin in the supernatant was decreased after challenge with acetylcholine (52%), isoproterenol (71%), 5-HT (73%), and histamine (84%). This study demonstrates direct effects of neuropeptides and neurotransmitters on functional aspects of cultured thymic epithelial cells.
To determine if major thymic neuropeptides and neurotransmitters can directly influence the functional activity of cultured rat thymic epithelium, neuropeptides and neurotransmitters were applied, and intercellular communication, proliferation, and thymulin secretion assessed. After injections of a mixture of lucifer yellow dextran (too large to pass gap junctions) and cascade blue (which does) into single cells, some neuropeptides decrease dye coupling: 0.1 mM GABA (P < 0.0001), 100 nM NPY (P < 0.0001), 100 nM VIP (P < 0.001), 100 nM CGRP (P < 0.001), 100 nM SP (P < 0.01), and 0.1 mM histamine (P < 0.01), whereas 0.1 mM 5-HT, mM acetylcholine, and /xM isoproterenol (/3-adrenergic agonist) had no effect. Proliferation (incorporation of tritiated thymidine) was increased by CGRP (P 0.004) and histamine (P < 0.02), but decreased by isoproterenol (P 0.002), 5-HT (P 0.003), and acetylcholine (P < 0.05). The percentage of multinucleate cells was decreased after isoproterenol (2.5%), and increased after 5-HT (21.3%), GABA (15%), and histamine (15.1%). Compared to controls, thymulin in the supernatant was decreased after challenge with acetylcholine (52%), isoproterenol (71%), 5-HT (73%), and histamine (84%). This synchronizes contraction. Gap junctions also allow the passage of small water-soluble molecules of <15 kD (e.g., amino acids, second messengers, sugars, and inorganic ions) (Loewenstein, 1979) . The presence of gap junctions inhibits proliferation and promotes terminal differentiation (Trosko et al., 1993) , although the mechanisms vary in different cells. Secretory activities also can be modulated and initiated, usually through transmission of calcium signals (Meda et al., 1991; Pandol, 1994) . Regulation of cellular activities by gap junctions is complex because the regulation of gap-junction permeability is not an "all or nothing" phenomenon. Reduced junctional permeability allows differential movement of modulators. Changing gapjunction permeability also can regulate frequency responses of signal transmission within the syncytia (Santos-Sacchi, 1991; Ngezhayo and Kolb, 1993) .
The genes encoding the constituent proteins of these channels are highly conserved. Each protein (connexin) has four transmembrane domains and forms one subunit of the hexameric connexon (Kumar and Gilula, 1992; Yeager and Nicholson, 1996) Connexins are present in the thymus and in cultured thymic epithelium from several species (Alves et al., 1994 (Alves et al., , 1995 , however, the presence of connexins does not demonstrate the existence of functional gap junctions. Earlier studies with procion yellow suggested the presence of a functional syncytium (Kendall, 1985 (Kendall, , 1986 and intercellular communication by dye coupling was characterized for cultured mouse and human thymic epithelium (Alves et al., 1994 (Alves et al., , 1995 . Using cultured rat thymic epithelium, we have previously shown that the extent of cell coupling is modulated by factors known to affect the secretory activity of the cells (Head et al., 1996a (Head et al., , 1996b Head et al., 1997) . In this study, we extend the work to examine the effect of selected neuropeptides using the same cell-model system.
The cultured rat thymic cells form a stable cell type that is >98% epithelial after three to four subcultures (Kurz et al., 1996) . The (Kendall et al., submitted) that form a lattice over the whole surface of the thymus. These fibers contain noradrenaline (NA), CGRP, neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), and substance P (SP) (Felten et al., 1985; Felten and Felten, 1989; Weihe et al., 1989; Kendall and A1-Shawaf, 1991; Kendall et al., 1994; Kurz et al., 1995) . Some of the nerves are also acetylcholinesterase positive (A1-Shawaf et al., 1991). Very few of the nerves accompany blood vessels, but some are close to mast cells (Weihe et al., 1989; Mtller and Weihe, 1991) 
RESULTS

Dye Coupling (Figures 1 to 3)
The average CI of cells incubated in control medium was 0.85 + 0.12 (n 118) and more than 40% of cells were dye-coupled. Cells of all morphologies showed dye coupling. Transfer of dextran-conjugated dye occurred between some cells of syncitia with three or more constituent cells, as previously reported (Head et al., 1997) . The CI was highly significantly reduced (P < 0.0001) both by y-aminobutyric acid (GABA) (CI 0.12 + 0.08, n 52) and NPY (CI 0.13 + 0.09, n 45). A significant decrease (P < 0.001) was produced by VIP (CI 0.26 + 0.11, n 47), and CGRP (CI 0.26 + 0.13, n 31), whereas SP (CI 0.37 + 0.14, n 38) and histamine (CI 0.34 + 0.16, n 32) had a lesser, but still significant effect (P < FIGURE 2 Mean (+SEM) coupling index (top), proliferation (middle), and multinuclear index (bottom) for control (CON), isoproterenol (ISO), 5-HT, acetylcholine (ACH), GABA, NPY, CGRP, VIP, SP, and histamine (HIST). P < 0.05" ** P < 0.01" *** P < 0.005; *** P < 0.0005. 0.01). Acetylcholine (n 46), 5-hydroxytryptamine (5-HT) (n 31), and isoproterenol (n 37) did not significantly alter the average CI.
Multinucleate Cells (Figure 2 Compared to controls, proliferation was highly significantly reduced by isoproterenol (74 _+ 2%; P 0.002) and 5-HT (74 _+ 3%; P 0.003), and significantly reduced by acetylcholine (86 + 4%; P < 0.05). Proliferation was highly significantly increased by CGRP (121 + 4%; P 0.004) and significantly increased by histamine (115 + 2%; P < 0.02). Other compounds tested had no effect.
Since thymidine incorporation assesses nuclear not cellular proliferation, some consideration of the change in numbers of nuclei per cell is necessary. The decrease in numbers of nuclei observed with isoproterenol means that the decrease in cellular proliferation is less severe than that deduced from the observed decrease in nuclear proliferation. In the case of histamine, the converse is true; for 5-HT, an increased MI and decreased thymidine incorporation imply that cellular proliferation is even lower than the observed nuclear proliferation.
Thymulin Determination (Figure 4 (Buckingham et al., 1992) . However, stimulation by neuropeptides does not show this correlation since those neuropeptides that decrease dye coupling had no effect on secretion. This suggests that neuropeptide-induced uncoupling does not involve calcium. Those neuropeptides that reduce thymulin levels had minimal or no effect on dye coupling (similar to the effects of thymulin itself ; Head et al., 1997) .
In other cells studied, increased gap-junction coupling generally decreases cellular proliferation (Trosko et al., 1993) , although there are exceptions (e.g., C310T1/2 cells, where TGF/3 causes an increase in both cell coupling and proliferation (Gibson et al., 1994) . High levels of connexin 43 are found in rapidly proliferating lymphoid and hematopoietic centers (Rosendaal et al., 1994; Krenacs and Rosendaal, 1995) . In our previous study of factors influencing secretion (Head et al., 1997) , decreasing dye coupling inversely increased proliferation. In this study, this relationship is only true for CGRP and to a lesser extent, histamine. Thus, the action of the neuropeptides studied here is not primarily involved with thymulin secretion.
In the cultured thymic epithelial cells, there was a large decrease in CI and increased proliferation after GABA. In other systems such as the somatic musculature of Ascaris lumbricoides (Demello and Maldonado, 1985) , GABA also causes gap-junction uncoupling. This effect on dye coupling could be enacted through lowered intracellular pH by GABA action at GAB AA receptors (Takahashi and Copenhagen, 1996) , as lowered pH decreases gap-junction permeability (Ueda et al., 1994) .
Each component of the ensemble of intracellular signals (pH, calcium, cyclic nucleotides, kinases, etc.) has an effect on gap-junction communication. The interactions of these second messenger systems and the diversity of receptors from which they can be controlled make it difficult to predict the effects of a ligand on gap-junction function and turnover. For example, cAMP can regulate gap junction permeability, localization, or expression. In addition, it can interact with other second messenger cascades to activate complementary or antagonistic systems.
Typically, cAMP mediates the effects of isoproterenol through/3-adrenergic activation of adenylate cyclase that usually leads to increased gap-junction coupling. In our cells, the average CI was not significantly higher although those syncytia present were larger. These cells are known to have/3-adrenergic receptors (Kurz et 
MATERIALS AND METHODS
Culture and Incubation with Stimulants
Thymic epithelial cell cultures were produced, characterized, and passaged according to the method of Kurz et al. (1996) . Three culture media (some with additions from Sigma) were used in the study: DMEM/F12 (Gibco) alone; a defined medium, DMEM/F12, plus the following additions: 2 mM Lglutamine, 100 U/ml penicillin/streptomycin, and 25 /zg/ml transferrin; and the standard culture medium comprising the defined medium plus 10% horse serum, 5 pg/ml insulin, 10 ng/ml cholera toxin, and epidermal growth factor (100 ng/ml). Stimulants (from Sigma) were added to the defined medium to the following final concentrations: acetylcholine, 1 mM; isoproterenol, 1 /zM; GABA, 0.1 mM; NPY, 100 nM; CGRP, 100 nM; VIP, 100 nm; SP, 100 nM; 5-HT, 0.1 mM, and histamine, 0.1 mM. 
Estimation of Thymulin in Supernatants
Cells cultured as for the earlier dye-coupling experiments were equilibrated for hr in DMEM/F12 alone. They were then incubated for 2 hr each in the defined medium, defined medium plus stimulant (at the concentrations previously listed), and again in the defined medium. Each experiment was replicated three times except isoproterenol (five times). The supernatant from each incubation was reserved and stored at -70C before estimation of thymulin content by ELISA, as described in Head et al. (1997) .
Briefly, thymulin in supernatants was mixed with a polyclonal anti-thymulin antiserum (MK-R4) in a low-binding plate, and then transferred into a highbinding plate previously coated with synthetic thymulin. Only the free antiserum can bind to the thymulin coating, and this complex is visualized with a chromogen and the resultant color read in a plate reader at the appropriate wavelength. The lower the color, the higher the thymulin content in the sample tested.
